The electronic structure of multiferroic BiFeO 3 has been studied using soft-X-ray emission spectroscopy. The fluorescence spectra exhibit that the valence band is mainly composed of O 2p state hybridized with Fe 3d state. The band gap corresponding to the energy separation between the top of the O 2p valence band and the bottom of the Fe 3d conduction band is 1.3 eV. The soft-X-ray Raman scattering reflects the features due to charge transfer transition from O 2p valence band to Fe 3d conduction band. These findings are similar to the result of electronic structure calculation by density functional theory within the local spin-density approximation that included the effect of Coulomb repulsion between localized d states.
Introduction
Multiferroic materials, such as BiFeO 3 and YMnO 3 , have simultaneous antiferromagnetic, ferroelectric, and/or ferroelastic ordering. [1] [2] [3] [4] [5] [6] Coupling between the magnetic and ferroelectric order parameters can lead to magnetoelectric effects, in which the magnetization can be tuned by an applied electric field and vice versa. In particular, BiFeO 3 is a suitable candidate for attaining ferroelectric and antiferromagnetic domain couplings at room temperature (RT), owing to its high Curie temperature of 1100°C and its high Neel temperature of ~370°C.
2.3
The crystal structure of BiFeO 3 single crystal is a rhombohedrally distorted perovskite structure, which belongs to the space group R3C with the unit cell parameters a=3.96 Å and α=89.4 °. 4 In term of ferroelectricity, the BiFeO 3 single crystal has a spontaneous polarization of 3.5 μC/cm 2 along the <100> direction and of 6.1 μC/cm 2 along the <111> direction. 5 The polarization is strongly enhanced in thin film forms.
A large polarization above ~50 μC/cm 2 has been observed in high quality single crystal and thin films fabricated by pulsed laser deposition (PLD) and chemical solution deposition (CSD). [6] [7] [8] [9] [10] Furthermore, in recent years, Kim et al. has reported that the BiFeO 3 epitaxial film has the highest polarization of 70~80 μC/cm 2 on SrTiO 3 (001)
substrates with SrRuO 3 bottom electrode.{11} Therefore, BiFeO 3 thin film is expected for application of a high-density ferroelectric random-access memory because of its large polarization and low crystallization temperature. However, a major problem of BiFeO 3 thin film is low electrical resistivity, which affects the measurement of dielectric/ferroelectric properties at room temperature. The low electrical resistivity of BiFeO 3 thin films is attributed to the valence fluctuations of Fe ions (Fe  2+ or Fe   3+ ), creating oxygen vacancies for charge compensation. 12, 13 The BiFeO 3 thin film needs 2 the high electrical resistivity in order to obtain good ferroelectricity. Therefore, the formation of solid solutions with other perovskite materials as well as the substitution of impurity atoms at the Bi and Fe sites have been attempted by many scientists. [14] [15] [16] [17] [18] In recent years, BiFeO 3 has been refocused in research area of solid state physics. 1, 6, 19, 20 Neaton an co-workers have studied theoretically the ground state structural and electronic properties of BiFeO 3 using the density functional theory (DFT)
within the local spin density approximation (LSDA).
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In this calculation, a large ferroelectric polarization of 90~100 μC/cm 2 is predicted, consistent with the large atomic displacements in the ferroelectric phase and with recent experimental reports.
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The electronic structure calculation of BiFeO 3 with the space group R3C shows an antiferromagnetic insulating-like nature and hybridization effect between Fe 3d and O 2p in the valence band. 19 The authors believe that the electrical properties of BiFeO 3 are closely related to the electronic structure. However, the electronic structure of BiFeO 3 has not been clarified experimentally thus far.
In this study, the electronic structure of BiFeO 3 bulk crystal has been measured by X-ray absorption spectroscopy (XAS) and soft-X-ray emission spectroscopy (SXES).
Although photoemission spectroscopy (PES) has been a powerful method of studying of the electronic structure of total density-of-state (DOS), PES is surface sensitive, since the mean free path of an electron is very short. Additionally, the PES cannot study the electronic structure of insulating material due to charging up. Therefore, it is difficult to study the electronic structure of BiFeO 3 by PES. SXES is related directly to the occupied DOS. 21 SXES detects the electronic structure of the bulk state owing to the long mean free path of the soft-X-rays. Furthermore, the partial-DOS (PDOS) localized at an atom can be obtained from SXES spectra, because SXES has a clear 3 selection rule regarding the angular momentum due to dipole selection. XAS is related directly to the unoccupied DOS. 22 This optical process is a local process, because of the localized core state. It is governed by the dipole selection rules so that XAS provides spectra related to the site-and symmetry-selected DOS. In this paper, the authors discuss about the origin of the multiferroic behavior of BiFeO 3 by comparing with non-multiferroic material.
Experimental
BiFeO 3 sample was prepared by a solid state reaction using conventional milling and firing techniques. XAS and SXES spectra were measured at beamline 7.0.1 at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, U.S.A. This beamline is equipped with a spherical grating monochromator. 23 The XAS spectra were obtained by recording the fluorescence yield with 0.2 eV resolution and normalized to the photocurrent from a clean gold mesh to correct the intensity fluctuation of the excitation beam, which reflects the bulk state. SXES spectra were recorded using a Nordgren-type grazing-incidence spherical grating spectrometer. 24, 25 The incidence 4 angle of the photon beam was 20 ° to the sample surface in order to reduce the self-absorption effect. The BiFeO 3 sample was fractured before measurement. The SXES spectra were normalized by measurement time and beam current. The SXES spectrometer was set to have a resolution of 0.5 eV for O 1s core level and 0.7 eV for Fe 2p core level. 26, 27 This fact indicates that the BiFeO 3 is mainly 3d 5 in the ground state of bulk.
Results and Discussion
In recent years, Béa et al. have reported the Fe 2p XAS spectra of BiFeO 3 thin film.28
The peak position of this report accords with that of Fig. 1 . The intensity ratio An arrow shown each spectrum is attributed to elastic scattering of the excitation photon.
The elastic peak is enhanced at the excitation energy corresponding to the e g absorption 
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Neaton has calculated the DOS curves using DFT within LSDA. 
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The small band gap contributes to the low electrical resistivity of compounds. [32] [33] [34] [35] [36] [37] In particular, the t 2g resonant SXES spectra exhibit the Raman scattering due to d-d transition corresponding to the half of electron correlation energy. 34, 36 However, the authors cannot estimate such a scattering from the spectra of The band gap of 
Conclusion
The authors have studied the electronic structure of BiFeO 3 using SXES and XAS.
The Fe in BiFeO 3 has high-spin t 2g 3 e g 2 ground state. The conduction band consists of The six soft-X-ray Raman scattering peaks reflect the features due to CT transition from O 2p valence band to Fe 3d conduction band. These findings are similar to the electronic structure by DFT within LSDA method that included the effect of U eff . 
